INTRODUCTION 36
Crosswinds can have an impact on the performance, stability and safety of cyclists, e.g., ~5% of 37 all single bicycle accidents are caused by crosswinds (Schepers and Wolt, 2012) . Despite several 38 fatalities, relatively little work has been undertaken investigating the effect of crosswinds with 39 most numerical research focusing on minimising the overall aerodynamic drag (Defraeye et studies investigated the aerodynamics of isolated spoked bicycle wheels (Godo et al., 2009 ; 42 Karabelas and Markatos, 2012) . These studies enabled both the aerodynamic loads and flow 43 structures around isolated bicycle wheels to be quantified. Both studies have demonstrated that the 44 side forces acting on a spoked wheel are up to about 5-6 times higher than the drag forces, hence 45 having an impact on the stability of the cyclist. However, a study by Barry et al. (2012) , showed 46 that the wheels and cyclist cannot be considered separately, due chiefly the flow interaction 47 4 characteristics around the cyclist that causes the aerodynamic forces and moments. Noting this, 80 the research discussed below was undertaken in order to provide detailed information on the 81 overall aerodynamic forces and moments and to provide an insight into the surrounding flow field, 82 thus laying the foundations for future improvements in cycling stability and performance. 83
In order to obtain accurate flow field and surface pressure of the bicycle and the cyclist, numerical 84 simulations based on Reynolds Averaged Navier Stokes equations (RANS) using both k-ε and 85 SST k-ω models have been undertaken. Yaw angles considered range between 0-90°. The surface 86 pressure and the surface shear stresses are integrated to obtain the aerodynamic forces and 87 moments on both the bicycle and cyclist with the results compared to previous physical 88 simulations (Fintelman et al., 2014) . In addition, Detached Eddy Simulations (DES) and Large 89
Eddy Simulations (LES) are undertaken on a bicycle and a cyclist in order to gain an insight in the 90 instantaneous flow physics around the cyclist at 15° yaw angle, since this is found to be a common 91 crosswind yaw angle (Guzik et al., 2013) 
in cycling. 92
Section 2 of this paper briefly outlines the wind tunnel experiments that were undertaken in order 93 to compare the numerical simulations, whilst section 3 outlines details relating to the 94 computational models. Section 4 addresses the numerical details of the simulations, whilst section 95 5 outlines the numerical accuracy. This is followed by the results and discussion in section 6 and 96 finally in section 7 the main conclusions are drawn. 97 
116 3 COMPUTATIONAL MODELS 117
To simulate realistic flow conditions, a high level of complexity and detail are maintained in the 118 CAD model of the bicycle and mannequin (Fig. 2b) . However, modelling of small objects such as 119 the spokes and cables have been omitted to simplify the geometry. A generalized computational 120 domain is used as shown in Fig. 3a , in which H (1.52m) represents the height of the cyclist from 121 the ground. The dimensions of the computational domain are large enough that blockage area 122 effects can be neglected (maximal blockage area of 0.3%). Similar to the wind tunnel setup, a 123 uniform effective velocity, , of 9.91 m/s is applied for all different yaw angles, . This gives 124 a Reynolds number of 1.0x10 6 , based on the effective wind velocity and the height of the cyclist 125 from the ground. The velocity in the main inlet direction, , and in the crosswind inlet direction , 126
, is calculated as: 127
128
No-slip boundary conditions are used on the surface of the model and on the ground to accurately 129 match the wind tunnel experiments. A free-slip velocity boundary condition is applied on the 130 upper boundary of the computational domain. In all simulations the wheels are considered static,as the effect of the rotation on the wheels without spokes is found to be small; k-ε RANS 132 simulations were undertaken without crosswinds and with crosswinds of 90°, in which the rims 133 and tires rotated at 29.494 rad/s (equivalent to a tangential velocity of 9.91 m/s). The results (not 134 reported here) showed that the aerodynamic coefficients in the main wind direction decreased by 135 less than 1.8 % when implementing rotating rims and tires, which is within the limits of the 136 uncertainties of the physical experiments. It is worth noting that rotation of the spokes can have an 137 impact on the side force magnitude (Karebelas and Markatos 2012). However for ease of 138 simplicity, spoke and leg movement was not included in the simulations. 139 The results of the DES and LES are in a reasonable agreement with the experimental data as 291 shown in Table 2 and Fig. 5b . It should be noted that at 15° yaw angle the actual magnitude of the 292 side forces are small, which ensures that even small differences between the actual and predicted 293 results in a relatively large percentage error. With increasing yaw angles, the percentage 294 differences will reduce. All the CFD techniques under predict the drag and side force coefficients 295 at the crosswind yaw angle of 15°. The under prediction could be assigned to a range of different 296 small factors, which together add up to quantifiable differences. First of all there are small 297 geometrical differences and simplification of the geometry, such as the exclusion cables and 298 spokes. The contribution of the spokes to the total side forces at different yaw angles is 299 numerically investigated by Karabelas and Markatos (2012). They found that for an isolated 300 stationary wheel at a yaw angle of 15°, the spokes increase the side forces by about 0.5N. The 301 spokes could therefore explain approximately 60% of the under prediction of the side forces. 302
Secondly, it should be appreciated that in the physical modelling, there was slight buffeting of the 303 mannequin in the y-direction largely due to the mannequin induced turbulence, which given the 304 15 306
Fig. 5: Comparisons of the aerodynamic force coefficients obtained in the experiments and 307 different turbulence models expressed as: (a) absolute value at different yaw angles, (b) 308
percentage error for the drag at 15° crosswind yaw angle. 309 310 the tests compared to the numerical simulations. Finally, the variations could be associated with 312 the inaccuracy of the turbulence models to capture all scales and to correctly predict the flow 313 separation and attachments. The best performance is seen for the LES simulations, having a drag 314 coefficient error of approximately 5% compared with the experimental data (Fig. 5b) . The DES 315 approach shows a reasonable good agreement for the lift and side forces (variation <10%), 316 however larger discrepancies of about 17% are found for the drag force, which is the dominating 317 force direction at the 15° crosswind yaw angle. The less accurate performance of the DES 318 compared with the LES is a result of the capturing of less eddies and the not resolving of the 319 eddies scaled with the grid cells in the boundary layer. 320
The relative contributions of the mannequin and bicycle to the aerodynamic coefficients are 321 shown in Table 2 . Comparable results are found for the simulations and the experiments. About 322 70% of the total drag force coefficients CF X and rolling moment coefficients CM X are caused by 323 the mannequin in both the experimental work and simulations. The contribution is smaller for the 324 side force coefficients CF Y , where the mannequin contributed to about ~34-49%. In the 325 simulations, the bicycle has a lower contribution to the CF Y , which is likely caused by the 326 simplification of the geometry (i.e. no spokes, cables, chain etc). Finally, for both the experiments 327 and the simulations, the main contribution of the lift force coefficients is the mannequin (around 328
90-110%). 329
In the CFD results, a distinction is made between the pressure forces and the skin friction forces. 330
The skin friction is caused by the viscous stress in the boundary layer around the bicycle and 331 cyclist. In all the numerical investigations undertaken in this report, approximately 3% of the total 332 drag forces and approximately 2% of the total side forces can be attributed to skin friction 333 respectively. These relatively low viscous forces are comparable with similar investigations 334 concerning an isolated cyclist (Defraeye et al., 2010b) . As the mannequin-bicycle model used in 335 the CFD calculations is smoother than that in the physical experiments, it is expected that the 336 predicted viscous forces in the experiments are slightly higher than the computed ones. However, 337 due to the nature of the physical experiments this hypothesis cannot be verified. symmetrical with the concentration of low pressure around the sides of the cyclist. However, at a 360 yaw angle of 60°, the low pressure surface is located behind and at the leeward side of the cyclist 361 and bicycle. In particular at large yaw angles, the bicycle starts to contribute to the turbulent flow 362 around the cyclist which leads to an increase in the side force and rolling moment. This 363 phenomenon has been also observed in the physical experiments, where for 60° yaw angle the 364 bicycle was found to account for approximately 60% of the total side force coefficient; whilst at 365 0° yaw angle the bicycle accounts for only about 20% of the total drag (Fintelman et al., 2014) . The power spectra are normalized by the root means square of the turbulent frequencies. All high 450 amplitude peaks in the auto spectral densities of the simulations (Fig. 12a and 12b ) can be found 451 in the range = 0 -7. For the DES simulations, the dominant peak in the drag force coefficient is 452 found at = 0.49, which corresponds to 3.2 Hz. The dominant peak in the LES simulations is 453 at = 0.99, corresponding to 6.5Hz. In the side force coefficients, multiple high amplitude peaks 454 can be found. These peaks are caused by the large range of length scales due to variety of surfaces 455 and angles of the cyclist and bicycle seen by the free stream flow. One of the main frequency 456 components in the side force coefficient is at = 2.83 (E5), corresponding with 18.5 Hz. This 457 frequency coincides with the frequency of the integral length scale of the drag coefficient. The 458 integral length scale describes the size of the large energy containing eddies in the flow. In the 459 side force coefficient frequency spectrum these large eddies originate from the mannequin. 
